The conventional view is that the Universe possesses a baryon asymmetry, and all astrophysical objects are made of baryons. This is quite a reasonable view. Clearly there is a local asymmetry between matter and antimatter: Earth is made entirely of matter, as well as the Moon, as evidenced by the fact that Apollo astronauts took a second small step. On scales beyond the solar system the arguments become less direct and less compelling. About the strongest statement one can make is that if the Universe is baryon symmetric, matter and antimatter must be separated into domains at least as large as the size of clusters of galaxies, L ∼ 20 Mpc [1] .
Although the simplest picture is that the Universe possesses a global baryon asymmetry, the possibility of a symmetric Universe in which matter and antimatter are separated into very large domains of equal, but opposite, baryon number has been discussed over the years [2] . As de Rujula has recently emphasized, even if matter and antimatter are segregated on very large scales, L ∼ 20 Mpc, it may be possible to detect the presence of antimatter [3] .
One direct approach is to search for antinuclei in cosmic rays [4] . Another is to look for the products of matter-antimatter annihilations from domain boundaries, e.g., high-energy gamma rays [3] . A third possibility, which is the subject of this paper, is to look for a signature of matter-antimatter annihilations as distortions in the Cosmic Background Radiation (CBR). As we shall describe, the signature is very robust as the physics is straightforward, and further, it allows scales as large as the Hubble length (∼ 3000 Mpc) to be probed.
Heat is generated at the domain interfaces due to nucleon-antinucleon (N-N ) annihilations. Around the time of last scattering of the background photons 1 the injected energy cannot be thermalized, and it distorts the Planckian spectrum of the CBR. The spatial pattern of distortions is ribbon-like linear structures with angular width characterized by the photon diffusion length at recombination, θ W ≃ 0.1 • , and separation that depends on the 1 Throughout the paper "last scattering" refers to the epoch of last scattering of CBR photons, and will be abbreviated "LS." We assume standard recombination so that z LS ≃ 1100; measurements of CBR anisotropy on angular scales of around 1 • make a very strong case for standard recombination [5] .
Realizations of matter -antimatter distortions on the CBR sky for various cubic domain sizes L. Domains of opposite baryon asymmetry are shown in contrasting shadings, with the interfaces between domains highlighted. The spectral distortion of the CBR is confined to these interfaces, which appear as long "ribbons." domain size, θ L ≃ 1 • (L/100h −1 Mpc); see Fig. 1 . The CBR distortion caused by N-N annihilations takes the form of a Sunyaev-Zel'dovich y distortion [6] with magnitude y ≃ 10 −6 .
A y distortion corresponds to a frequency-dependent temperature fluctuation [6] δT (ν)
where ν 0 = kT /h = 56. To orient the reader, we begin with a rough estimate of the y distortion, and then proceed with a more careful calculation. In the discussion below, h ≡ H 0 /100 km sec −1 Mpc −1 and the baryon density is quantified by Ω B h 2 . We take as representative values h = 1/2
and Ω B h 2 = 0.024, the latter based upon recent determinations of the primeval deuterium abundance in high-redshift hydrogen clouds [7] .
We assume that some process in the early Universe produced regions of equal and opposite baryon number [8] , with |n B − nB|/n γ ≡ η = 6.5 × 10 −10 (Ω B h 2 /0.024). 2 If we divide the Universe into cells of comoving size L populated equally with matter and antimatter, then individual cells will be part of larger clusters in a percolation pattern. Interfaces separating matter domains and antimatter domains will have a surface area A that is much larger than L 2 . The magnitude of the y distortion does not depend upon L or A.
Consider matter-antimatter annihilations occurring in the interface regions. Because the electron mass is so much smaller than the nucleon mass, the heat released is dominated by N-N annihilations. Nucleon rest-mass energy is released through the production and subsequent decay of pions [1] :
Half the total annihilation energy is in the form of neutrinos, one-third is in the form of 
where R is the cosmic scale factor, normalized to unity today with R LS = 9.1 × 10 −4 . A better approximation for the thickness is 2λ FS (R LS )/ √ 3, where the factor of 2 comes from the fact that nucleons diffuse into antimatter regions and antinucleons diffuse into matter regions, and the factor 1/ √ 3 is the projection of the velocity in the transverse direction.
The number density of annihilation pairs is ηn γ /2, and the amount of energy released per annihilation is 2m N /6. The amount of heat produced per cross-sectional area A perpendicular to the interface region is
By the time of last scattering the heat deposited by 100 MeV electrons and positrons in the interface region will spread into a larger region. The thickness of this region is governed by photon diffusion around last scattering, and the relevant length scale is the Silk scale, λ S ≃ 22 (0.012/Ω B h 3 ) 1/2 Mpc, again expressed as a comoving length [9, 10] .
The fractional increase in the energy of the photons in the photon diffusion region, ∆Q/Q, determines the magnitude of the CBR anisotropy. Since ∆Q/A is spread out over a thickness 2λ S / √ 3 (the factors of 2 and √ 3 arise from the considerations discussed above) and the heat energy in photons per area at last scattering is
Since the heat deposited in the annihilation region, which is larger by a factor of λ S /λ FS ∼ 10 4 , is a small perturbation, any backreaction on the annihilation process itself can be safely ignored.
As mentioned earlier, energy from N-N annihilation leads to a y distortion, with magnitude y = 1 4 ∆Q/Q. For frequencies much less than about 100 GHz, the y distortion is indistinguishable from a temperature anisotropy of magnitude
Note that at low frequencies the ribbons appear cooler than the surrounding, unheated regions of the CBR sky. The width of the photon diffusion region determines the angular width of the ribbons,
The CBR anisotropy from N-N annihilations should take the form of linear features, or "ribbons," of width 0.1 • and characteristic separation θ L ≃ 1 • (L/100h −1 Mpc) set by the domain size. The spatial pattern is illustrated in Fig. 1 .
This rough estimate neglects some potentially important effects: the efficiency with which 100 MeV electrons and positrons from annihilations heat the ambient photons, the fact that some heating occurs before last scattering, the expansion of the Universe, and, most importantly, the fact that the diffusion length of protons and antiprotons is much smaller than the free streaming length λ FS due to Coulomb scattering. We now refine our calculation; the net result is a reduction in the estimate for y by about a factor of ten.
To begin, the most important nucleons are those in neutral atoms, hydrogen, antihydrogen, helium and antihelium, because their free streaming is not inhibited by Coulomb scattering. Hydrogen formation occurs at a redshift z H−REC ∼ 1500 and helium formation occurs slightly earlier, at a redshift z HE−REC ∼ 2800. We assume that recombination is instantaneous, which is a better approximation for helium than for hydrogen.
Next We refine Eq. (4) by integrating over the interval between recombination ("REC") and last scattering ("LS") for hydrogen and antihydrogen (i =H) and helium and antihelium (i =He) separately:
The factor X i accounts for the mass fraction in hydrogen (antihydrogen), about 75%, and in helium (antihelium), about 25%. The factor dλ FS (R) accounts for the growth of the annihilation interface. Prior to recombination, the atoms can be taken to be in thermal equilibrium, with velocity v ∝ R −1/2 . Once the atoms recombine, however, they free stream with a velocity which redshifts as v ∝ R −1 . The growth of the annihilation interface is then given by
where v LS = T LS /M is the thermal velocity at last scattering, half as large for helium as for hydrogen. 
where σ T = 6.7 × 10 −25 cm 2 is the Thomson cross section and the factor E 2 γ /m e is the energy loss suffered by a secondary photon in Thomson scattering. This equation can be integrated,
where a = 2 5 (n e σ T /H 0 m e ) = 2.7 × 10 −3 (Ω B h/0.05) MeV −1 , where n e is the present density of electrons. We can use this expression to obtain some idea of the efficiency of energy loss of secondary photons. Setting Ω B h/0.05 = 1, the two terms on the right-hand-side are equal for R = R LS /1.2, which implies that a secondary photon will lose more than half of its energy by last scattering if it is produced at R < R LS /1.2.
Using the result of Eq. .
All the pieces are now in place to integrate Eq. (7); the result can be given as a dimensionless correction factor which multiplies our earlier estimate in Eq. (4),
where the final expressions are numerical fits. Putting it all together, our final result for the distortion parameter is
which indicates that our rough estimate was about a factor of ten too high.
While this result is based upon a more careful calculation, it should still be regarded as an estimate. For example, the diffusion of the annihilation heat was approximated by the characteristic scale λ S ; a more careful treatment would properly treat diffusion, the visibility function for last scattering, geometric effects, and the details of recombination.
There is another y distortion with a less distinctive signature that arises from annihilation surfaces along the line-of-sight between here and last scattering. This leads to a y distortion which is proportional to 1/L and which covers the CBR sky like a blanket. This distortion was first discussed in the context of a well mixed, baryon-symmetric Universe by Sunyaev and Zel'dovich [11] . (Jones and Steigman also discussed y distrortions in a variety of scenarios [12] .) We will address all of these issues in a future paper.
In 
